###### Highlights

-   Elastin insufficiency caused by smooth muscle cell proliferation is a vascular disorder with no approved therapies. Elastin insufficiency caused by 7q11.23 deletion or by point mutations in the elastin gene can be modeled in the dish using patient induced pluripotent stem cell-derived smooth muscle cells.

-   Compared with healthy cells, cells from 5 patients with elastin insufficiency were immature, hyperproliferative, did not respond to endothelin and 3-dimensional biowires generated from patient smooth muscle cells failed to compact.

-   Candidate drugs tested on induced pluripotent stem cell-derived smooth muscle cells showed that mTOR (mammalian target of rapamycin) inhibitor, everolimus, was the best at rescuing the abnormal phenotype by enhancing smooth muscle cell differentiation and functional maturation.

-   As a drug with a known safety profile, these findings provide supporting evidence for consideration of everolimus for treatment of elastin insufficiency syndromes, and ultimately, may also benefit patients with acquired vascular disorders.

Elastin is the dominant extracellular matrix protein in the arterial wall, allowing vascular elasticity, and facilitating the recoil essential to blood vessel physiology. It is mainly produced by smooth muscle cells (SMCs) during late fetal and early postnatal life, with minimal generation of elastin throughout adulthood.^[@R1]^ Chromosomal deletion of 7q11.23 that includes deletion of the elastin (*ELN*) gene causes Williams syndrome (WS) with supravalvar aortic stenosis (SVAS) and other large artery stenosis or generalized arteriopathy. This is related to increased proliferation of SMCs^[@R2]^ that are functionally immature. Heterozygous mutations of the *ELN* gene cause nonsyndromic SVAS, that is, SVAS without other systemic manifestations. The arterial narrowing often recurs despite surgery,^[@R3],[@R4]^ and there are no drugs clinically approved to treat this condition. Novel therapies are being tested in animal models and human cells as was recently reviewed.^[@R5]^ A recent small clinical trial evaluating minoxidil treatment on patients with WS reported no positive improvement in vascular phenotype.^[@R6]^ Our goal was to find targeted therapies that can rescue the abnormal vascular phenotype in patients with elastin insufficiency (EI) using drugs approved by the Food and Drug Administration for other indications as a potential drug repurposing strategy.

Although mouse models of EI have greatly improved our overall understanding of elastin signaling, there are limitations in their use in drug screens. *Eln*^−/−^ mice die shortly after birth due to severe aortic obstruction,^[@R7]^ and heterozygous mice are viable but do not exhibit SVAS.^[@R8]^ Interestingly, a transgenic mouse carrying a human version of *ELN* on a bacterial artificial chromosome recapitulates aortic thickening with heterozygosity suggesting that the human and mouse elastin gene, and elastin synthesis, are not regulated equivalently in the developing aorta, and highlights the need for human-relevant models.^[@R9]--[@R11]^ Patient induced pluripotent stem cells (iPSCs) provide human-relevant models while retaining the genetic background of the patient and provide a noninvasive and renewable cell source for study of phenotype and drug responses. Importantly, for the study of EI, the use of patient cells that still carry a functioning copy of the *ELN* gene facilitates the testing of drugs that promote elastin transcription. Human iPSCs have been widely used to study the function of susceptible genes in a variety of diseases, including cardiovascular diseases.^[@R12]--[@R15]^ The use of iPSCs also offers a highly useful platform for drug screening because of their potential for replicating in vivo drug safety and efficacy.^[@R16]--[@R19]^

Human iPSCs can successfully be differentiated into vascular SMCs with efficiencies exceeding 80%,^[@R20]^ and their functional properties can be studied as they respond to vasoactive agonists.^[@R21]^ SMCs derived from patient iPSCs have been used to model vascular disease, such as WS, SVAS, hypertension, Marfan and Hutchinson-Gilford Progeria syndromes.^[@R22]--[@R26]^ These iPSC-SMCs recapitulated the pathological phenotype of each disease and identified novel targets for treatment.^[@R22],[@R23],[@R25]^ In our previous report, we recapitulated the disease phenotype of EI using patient iPSC-derived SMCs from a single patient with WS. The SMCs were hyperproliferative, poorly differentiated, and poorly contractile compared with healthy control cells. The antiproliferative mTOR (mammalian target of rapamycin) inhibitor rapamycin rescued the differentiation and proliferation defects but did not improve contractile properties.^[@R22]^

The goal of the current study was to identify one or more drug classes that would rescue not just the phenotypic abnormalities but also functional abnormalities in the SMCs of patients with WS as well as those with *ELN* mutations. We generated iPSCs from 2 additional patients with WS and 2 patients with heterozygous *ELN* mutations, all of whom had infantile-onset severe disease. We studied the effect of 14 candidate drugs on SMC differentiation, proliferation, and calcium flux. Our results showed that drugs belonging to the class of mTOR inhibitors showed the greatest efficacy in rescuing not just phenotypic but also contractile abnormalities in EI patient SMCs.

Materials and Methods
=====================

The data that support the findings of this study are available from the corresponding author on reasonable request.

Cell Source
-----------

De-identified patient with WS (WS2, WS3) and elastin mutation patient (ELN1, ELN2) skin fibroblasts were obtained from patients recruited through the SickKids Heart Centre Biobank Registry (Toronto, ON, Canada). WS1-iPSC line C and wild-type control 1 BJ iPSC were previously reported by us^[@R22]^; control 2 21P and control 3 19-2 iPSCs were previously reported as controls in autism studies.^[@R27],[@R28]^ H9 human embryonic stem cells were obtained from the National Stem Cell Bank (WiCell Research Institute, Madison, WI). All investigations were conducted according to the Declaration of Helsinki principles, studies were approved by the Hospital for Sick Children institutional review board, and written informed consent was obtained from the patient/parent/legal guardians. Human embryonic stem cell and iPSC studies were approved by the Canadian Institute for Health Research Stem Cell Oversight Committee of Canada.

Generation of iPSCs and Pluripotency Characterization
-----------------------------------------------------

All EI patient skin fibroblasts were reprogrammed with the *OCT4, SOX2, KLF4*, and *C-MYC* retrovirus vectors using the Early Transposon promoter and Oct (octamer-binding transcription factor)-4 and Sox2 enhancers (EOS) lentivirus protocol as previously published.^[@R29]^ In brief, the EOS system allows expression of reporter genes in pluripotent stem cells but not in primary fibroblasts, which aids isolation of reprogrammed iPSC lines. Emerging human iPSC colonies marked with EGFP and puromycin-resistance were isolated, expanded, and characterized. Controls 1 and 3 iPSCs were also reprogrammed with retrovirus and the EOS lentivirus. Control 2 was reprogrammed using a nonintegrative Sendai virus approach.^[@R27]^ In vitro differentiation into embryoid bodies was performed and analyzed for pluripotency as described.^[@R30]^

Deletion Confirmation Using Multiplex Ligation Probe Amplification and DNA Fluorescence In Situ Hybridization
-------------------------------------------------------------------------------------------------------------

We confirmed the genetic diagnosis of 7q11.23 deletion in DNA from WS patients using the SALSA multiplex ligation probe amplification Kit P029-A1 which contains 32 multiplex ligation probe amplification probes for 8 genes located in the WS critical region (MRC Holland), and the *ELN* gene mutation in nonsyndromic SVAS patients using Sanger sequencing. To verify the deletion of chromosome region 7q11.23 in the iPSCs, we performed karyotyping by G banding chromosome analysis with a 400 to 500 band resolution through The Centre For Applied Genomics, Hospital for Sick Children, Toronto, and fluorescence in situ hybridization. A deletion at chromosome 7q11.23 involving 50 oligonucleotide probes from position 72 404 049 to 73 771 409 bp, including *ELN*, was identified using the oligonucleotide-based array Comparative Genomic Hybridization (Molecular Cytogenetics Laboratory, Hospital for Sick Children, Toronto, Canada).

Variant Confirmation Using Sanger Sequencing
--------------------------------------------

To confirm *ELN* mutation in iPSCs, polymerase chain reaction (PCR) products from patient and control iPSCs were sent to The Centre For Applied Genomics for Sanger sequencing. Primers for *ELN* variants were designed using National Center for Biotechnology Information. ELN1: 5′--GGGAAGGAGCAGGTAGATCAG--3′ and 5′--TCTATTGTGACCACCCCAGTC--3′; ELN2: 5′--ACAAGTCCCTTAATGAGTGTGTTG--3′ and 5′--GGAACAAAGGCCAAGTCCATC--3′. Primer-BLAST and primer specificity were confirmed using the Ensembl Project BLAST/BLAT. Chromatographs were analyzed using FinchTV.

Differentiation of iPSCs Into SMCs
----------------------------------

Control and patient iPSCs were differentiated into SMCs using previously published protocols.^[@R22],[@R31]^ iPSC colonies were digested using 1 mg/mL collagenase type IV and transferred to an ultralow attachment 6-well plate (Corning Incorp, Corning, NY) to generate embryoid bodies. Knockout DMEM was used for 2 days and replaced by DMEM/F12 supplemented with 10% fetal bovine serum and 1% glutamax. Six-day-old embryoid bodies were transferred to 6-well plates coated with 0.1% gelatin for an additional 6 days in DMEM +10% fetal bovine serum. The embryoid bodies were dissociated with 0.05% trypsin and cultured on Matrigel-coated 6-well plates in smooth muscle growth medium (medium 231 + smooth muscle growth supplement; Life Technologies, Carlsbad, CA). Cells were passaged when they reached 80% to 90% confluence. To induce differentiation to SMCs, cells were re-plated in smooth muscle differentiation medium (medium 231 + smooth muscle differentiation supplement; Life Technologies) on gelatin-coated plates for 6 days.

Immunocytochemistry and High Content Imaging Assays
---------------------------------------------------

Five thousand cells were plated per well in 96 well plates, and after differentiation was treated with dimethyl sulfoxide (DMSO) or candidate drugs (dissolved in DMSO) for 6 days and stained using high content cell imaging (Cellomics ArrayScan VTI, ThermoFisher Scientific, Ottawa, ON, Canada). Three independent experiments were performed using 3 technical replicates for each experiment. Cells were fixed with 4% paraformaldehyde, permeabilized, blocked, and incubated overnight with primary antibody, rabbit anti-smooth muscle 22 alpha (SM22α; Abcam, Cambridge, MA). Secondary goat- anti-rabbit IgG antibody conjugated with fluorescein isothiocyanate (Sigma-Aldrich, St Louis, MO) was added to the samples and incubated for an hour. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (Life Technologies). Fluorescence was analyzed using an ArrayScan VTI HCS Reader (ThermoFisher Scientific). Images were captured using the Volocity or the vHCS View Software.

xCELLigence Real-Time Cell Monitoring
-------------------------------------

The xCELLigence system (Roche/ACEA Biosciences, San Diego, CA) was used to continuously monitor cell proliferation. Cells were cultivated in culture plates equipped with microelectrodes, which allow the computer to measure mechanical impedance.^[@R32]^ The xCELLigence software (version 1.2.1.1.002) converts collected data to a cell index, as a measure of cell proliferation. Five thousand cells were seeded per well of xCELLigence E-96 plates in growth medium in 3 independent experiments conducted on 3 different days (and with 3 technical replicates per experiment). Plates were placed in the system, incubated at 37°C under 5% CO~2~ and monitored at 15-minute time intervals. After 24 hours, medium was changed to differentiation medium, which was replaced after 2 days. Cell impedance was recorded at 15-minute intervals for up to 145 hours. Candidate drugs were added after 24 hours in differentiation conditions and change in cell index as an indicator of cell number was compared between cases and control iPSC-SMCs and between treated and untreated SMCs.

Calcium Measurement
-------------------

SMCs were loaded with 1 µmol/L fluo5F AM (Life Technologies) at 37°C for 30 minutes, then washed with Hank's Balanced Salt Solution. Fluorescence was visualized using a Nikon TE-2000 epifluorescence microscope (Nikon Corporation, Tokyo, Japan). Images were collected and analyzed using Volocity image acquisition and analysis software (PerkinElmer Inc, Waltham, MA). Fluorescence intensity was measured after subtracting nonspecific fluorescence background in 50 individual cells per well in 3 wells. The experiments were repeated 3 times. Values were plotted against time using graphing software (Excel, Microsoft, Redmond, WA). After 10 seconds baseline, cells were exposed to 100 nmol/L of the calcium agonist, endothelin-1 (Sigma-Aldrich) to stimulate calcium influx which was continuously monitored for 3 minutes. The change in fluorescence intensity (ie, F--F~0~) was used to estimate intracellular calcium flux in response to endothelin in control and patient iPSC-SMCs and in DMSO versus drug-treated SMCs.

Smooth Muscle Biowire Assay
---------------------------

To generate 3-dimensional-bioengineered tissues from SMCs, that is, biowires, polydimethylsiloxane posts were made using the Sylgard 184 Elastomer Kit by Dow Corning Corporation. Forty-five grams of elastomer base was mixed with 3 g of curing agent to make the posts. This mixture was added on a metal template (Department of Mechanical and Industrial Engineering, University of Toronto), which was placed in a vacuum machine at −760 mm Hg for 1 hour and then heated at 80°C for another 1 hour. A collagen gel was prepared with 2.2 g/L sodium bicarbonate, 1 mol/L sodium hydroxide, 3 mg/mL collagen (Corning), and Matrigel (Corning). The collagen gel was added to a suspension of 500 000 SMCs. This mixture was added to a well containing the polydimethylsiloxane posts and maintained in the incubator. After 24 hours, differentiation medium was added into the well with 0.01% DMSO or 100 nmol/L rapamycin. Tissue remodeling resulting from tractional forces during gel compaction was assessed by measuring tissue width every day for 7 days. Both passive and active tension were assessed by measuring the silicone post displacement from the microscopically acquired video images over multiple time points. Multiple measurements were averaged to arrive at an average post displacement for each condition. Elastic modulus and post dimensions were described in the previous work.^[@R33]^ The post displacement was related to the bending force exerted by the tissue on the post using cantilever beam-partial uniform load equation as previously described. For accurate application of beam bending equations, the vertical position of the tissue on the post was determined by cutting through the tissue microwell and imaging at the end of the experiment. To determine tension, the force per width of the tissue that results from beam bending equations was converted into a point load and divided by the cross-sectional area of the tissue calculated from the experimentally measured average tissue diameter. Passive tension, that is, the tension exerted by tissues on the posts in a resting state, was calculated from the post displacement for resting tissues at day 7, whereas active tension was assessed from the maximum post displacement after endothelin stimulation (n=3 biological replicates for DMSO and rapamycin-treated control 1, WBS2, and ELN1).

Reverse Transcription-Quantitative PCR for *ELN*
------------------------------------------------

Total RNA was extracted from control and patient cultured SMCs using the RNeasy Mini kit (QIAGEN, Toronto, Canada) from 3 independent experiments (and 3 technical replicates per experiment). cDNA was synthesized from 1 µg RNA with Superscript III first-strand synthesis (Life Technologies) in a 20-µL reaction volume. Primer sequences for *ELN* were 5′-CAAGGCTGCCAAGTACGG-3′ and 5′-CCAGGAACTAACCCAAACTGG-3′ for elastin; and 5′-GCTGAGAACGGGAAGCTTGT-3′ and 5′-TCTCCATGGTGGTGAAGACG-3′ for GAPDH. Real-time PCR was performed on a StepOnePlus Real-Time System (Life Technologies) using SYBR GreenER qPCR SuperMix (Life Technologies). Quantification of gene expression was assessed with the comparative cycle threshold (ΔΔCT) method. mRNA expression was compared between control and patient SMCs. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) for pluripotency genes was performed as described.^[@R30]^

Mass Spectrometry for ELN
-------------------------

Mass spectrometry on protein lysates from control and patient SMCs was performed in the SickKids Proteomics, Analytics Robotics & Chemical Biology Centre. Parallel reaction monitoring analysis was performed on a Q-Exactive HF-X hybrid Quadrupole-Orbitrap mass spectrometer (ThermoFisher Scientific) outfitted with a nanospray source and EASY-nLC split-free nano-LC system (ThermoFisher Scientific). Lyophilized peptide mixtures were dissolved in 0.1% formic acid and loaded onto a 75 µm × 50 cm PepMax RSLC EASY-Spray column filled with 2 µm C18 beads (ThermoFisher Scientific) at a pressure of 900 bars. Peptides were eluted over 60 minutes at a rate of 250 nL/min using a 0% to 35% acetonitrile gradient in 0.1% formic acid. Peptides were introduced by nanoelectrospray into the spectrometer. The instrument consisted of a tandem mass spectrometry scan detecting precursor ions. Automatic gain control targets were 1×10^5^ with a maximum ion injection time of 50 ms. The quadrupole isolation window was set to 0.5 m/z, and the normalized collision energy was set at 30. Heavy synthetic elastin peptides were spiked-in to ensure the right light elastin peptides were monitored and precisely quantified in the cell samples. Amounts were normalized to endogenous tubulin beta chain 5 and myosin heavy chain 9. The following elastin peptide sequences were measured and relative amounts were compared between control and patient SMCs---LPGGYGLPYTTGK \[212, 224\]; LPYGYGPGGVAGAAGK \[225, 240\]; AGYPTGTGVGPQAAAAAAAK \[241, 260\]; and VPGALAAAK \[644, 652\]. Mass spectrometry was repeated 3 times in all controls and patient iPSC-SMCs as well as in DMSO and rapamycin-treated patient cells.

RNA Sequencing
--------------

RNA was extracted from DMSO-treated and rapamycin-treated iPSC-SMCs, and sequenced using the Illumina HiSeq 2500 platform through The Centre For Applied Genomics. Read data that passed quality control checks were aligned to the human genome browser, UCSC hg19, using Tophat v. 2.0.11. Alignments were processed to extract raw read counts for genes using htseq-count v.0.6.1p2. Differential expression analysis was performed between DMSO and rapamycin-treated cells using EdgeR. Reads per kilobase of transcript per million generated were normalized for the size of each library and normalized for the length of the transcripts. Using supervised hierarchical clustering, raw fold difference between DMSO-treated and rapamycin-treated SMCs was calculated for the following SMC associated gene sets using gene ontology terms for differentiation (GO:0051145, GO:0051152); proliferation (GO:0048661, GO:1904707); and contraction (GO:0006940, GO:0006939).

Statistical Analysis
--------------------

Statistical analyses were performed using the Student *t* test on data from 3 independent experiments (n=3) with the mean of each independent experiment derived from 3 technical replicates where appropriate. Analyses were done to measure differences in the phenotype between (1) 5 cases and 3 control iPSC-SMCs and (2) candidate drug and DMSO-treated SMCs for the following variables: protein expression, mRNA expression by RT-qPCR, cell proliferation, and calcium flux. Three dimensional smooth muscle biowire assays were analyzed using cells derived from 2 cases and 1 control. The normality and variance were not tested to determine whether the applied parametric tests were appropriate. Two-way ANOVA with Bonferroni post hoc test was used for smooth muscle biowire compaction analyses. Differences were considered statistically significant at *P*\<0.05.

Results
=======

Reprogramming of Patient iPSCs
------------------------------

In addition to our previously reported WS (WS1) line,^[@R22]^ we reprogrammed skin fibroblasts from 4 patients with SVAS recruited through our Heart Centre Biobank. Two (WS2 and WS3) had 7q11.23 deletion confirmed by multiplex ligation probe amplification,^[@R22]^ while 2 had nonsyndromic SVAS due to heterozygous *ELN* mutations---one with a variant (substitution) in exon 27 (ELN1) and another with a frameshift variant (insertion) in exon 16 (ELN2), both predicted to induce a premature stop codon. Patient information, cardiac diagnoses, surgical history, and genetic test results are shown in the Table. In addition to the healthy BJ control line previously used by us (control 1),^[@R22]^ we also used lines from 2 additional unaffected individuals as controls---21P (control 2)^[@R27]^ and 19-2 (control 3).^[@R28]^ Fibroblasts do not express pluripotency genes,^[@R12]--[@R14],[@R17]--[@R19]^ which we previously confirmed in WS1 lines.^[@R22]^ After reprogramming using the 4-factor retrovirus approach^[@R34]^ (Methods for details), all iPSC lines showed the hallmarks of pluripotent phenotype (Figure [1](#F1){ref-type="fig"}; Figure I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)). They expressed human pluripotency markers NANOG (homeobox protein NANOG), OCT-4, TRA-1-60 (T-cell receptor alpha locus), and SSEA-4 (stage specific embryo antigen 4) as shown by immunofluorescence and *OCT4, NANOG, REX1* (reduced expression gene 1), and *DNMT3B* (DNA methyltransferase 3 beta) by RT-qPCR (Figure [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B; Figure IA and ID in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)). The iPSCs gave rise to cells from all 3 germ layers upon in vitro differentiation into embryoid bodies and they all exhibited a normal karyotype (Figure [1](#F1){ref-type="fig"}C and [1](#F1){ref-type="fig"}D; Figure IB and IC in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)). Short tandem repeat analyses were used to confirm that the iPSCs were from the correct patients (Table I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)). Assays were performed using one reprogrammed cell line derived from each of the 5 patients in accordance with Germain and Testa's guidelines for optimal interpretation of iPSC-based studies.^[@R35]^

###### 

Patient Clinical and Genetic Data

![](atv-40-1325-g001)

![**Pluripotency characterization of induced pluripotent stem cells (iPSCs) from the patient with an *ELN* variant (ELN1).** **A**, iPSCs stained positive for pluripotency markers OCT (octamer-binding transcription factor)-4, NANOG, and TRA-1-60. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). **B**, Endogenous pluripotency genes were upregulated following successful reprogramming of ELN (elastin)-1 iPSCs as detected by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and comparable to pluripotency gene expression in human embryonic stem cells, H9. **C**, ELN1 iPSCs differentiated in vitro into all 3 germ layers. Immunocytochemistry showed nestin expression as an example of neuronal ectoderm, SMA (smooth muscle actin) expression for mesoderm, and AFP (α-fetoprotein) expression for endoderm. **D**, Normal G banding karyotype of ELN1 iPSCs. Results are shown as means and standard deviations from 3 independent replicates for each gene.](atv-40-1325-g002){#F1}

Phenotype of iPSC-Derived SMCs
------------------------------

iPSCs were differentiated into SMCs using an established protocol.^[@R31]^ The morphological and functional phenotype were compared between patient iPSC-derived SMCs and healthy control iPSC-derived SMCs. Supporting data are provided in Table IIIA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936).

### SMC Differentiation

We previously reported that control iPSC-SMCs showed downregulation of SM progenitor markers (CD34, Flk1 \[fetal liver kinase 1\], and Tie2 \[tyrosine-protein kinase receptor\]) and upregulation of SM differentiation markers (calponin, SM22a, smoothelin, myokardin, and telokin).^[@R22]^ We, therefore, selected SM22α staining to assess SMC differentiation using high content imaging. Control iPSCs generated 80% to 90% SM22α positive cells compared with patient iPSCs, which generated 45% to 68% SM22α-positive cells suggesting impaired differentiation in EI patients with the most severe differentiation abnormality seen in WS3 (Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B).

![**Abnormal smooth muscle cell (SMC) differentiation, proliferation and function in elastin insufficiency (EI) induced pluripotent stem cells (iPSC)-SMCs.** **A**, SM22α (smooth muscle 22α) staining (representative images) and (**B**) quantification by high content imaging revealed the percentage of SM22α positive cells was lower in all patient with Williams syndrome (WS) and in ELN (elastin) patient SMCs compared with control SMCs. **C**, SMC proliferation measured by cell impedance (representative graph of cell index), and (**D**) quantification revealed increased proliferation in all 3 WS SMCs and in ELN1 patient SMCs compared to control SMCs. ELN2 patient SMC proliferation was not different from control SMCs. **E**, Calcium flux in response to endothelin (representative graph from 50 cells from an individual well) and (**F**) quantification from all replicates of maximum peak of mean fluorescence intensity after background correction (F--F~0~) showed lower calcium flux in response to endothelin in all patient SMCs compared with control SMCs (n=3 independent biological replicates and 3 technical replicates each for differentiation, proliferation, and calcium assays). **G**, Biowires generated from iPSC-SMCs from one control (CT1), one WS (WS2), and one *ELN* mutant patient (ELN1) showed failure of compaction of patient SMCs compared to control SMCs on day 6. **H**, Graph shows the change in the diameter of SMC-seeded biowires from day 1 to 6. All biowires showed some compaction by day 6, and the biowire diameter on day 6 remained significantly larger in WS2 and ELN1 patients compared to CT1 control. **I**, Passive tension at baseline was lower in patient SMC biowires compared with control. **J**, Active tension following treatment with endothelin was lower in patient SMC biowires compared to control (n=3 independent experiments). **A--J**, Supporting data are included in Table IIIA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936). \**P*\<0.05, patient vs control, ł*P*\<0.05, day 6 vs 1.](atv-40-1325-g003){#F2}

### SMC Proliferation

We used the xCELLigence system for real-time monitoring of cell proliferation. The system uses specially designed microtiter plates containing microelectrodes to noninvasively monitor dynamic changes in cell index of cultured cells that reflects changes in cell size and number. Cell index was higher suggesting higher proliferation in all patient SMCs except for ELN2-SMCs, which did not demonstrate hyperproliferation. WS3 was the most proliferative compared to controls (Figure [2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}D).

### Endothelin-Induced Calcium Flux

SMC active function was evaluated by the ability of SMCs to increase calcium flux in response to a vasoactive agonist, endothelin. Cells on day 6 of differentiation were loaded with the Fluo5F calcium dye, and calcium transients were measured by the intensity of fluorescence before and after treatment with endothelin. All 3 controls responded to endothelin as seen by the rise in calcium flux within 30 seconds of treatment. While ELN1-SMCs showed a small increase in calcium flux following treatment, WS1 and WS2-SMCs indicated a smaller and delayed response. WS3 and ELN2-SMCs showed the lowest response to endothelin (Figure [2](#F2){ref-type="fig"}E and [2](#F2){ref-type="fig"}F).

### Smooth Muscle Biowire Maturation and Contractility

Contractile response and SMC maturation were further assessed by generating 3-dimensional smooth muscle biowires from one control (control 1), one WS (WS2), and one *ELN* mutation (ELN1) patient SMCs. A mixture of SMC suspension and a collagen gel was added into a well containing a pair of polydimethylsiloxane posts to serve as fixation points and for measurements of contraction force. While control cells compacted after 6 days, both WS2 and ELN1 patient SMCs did not fully compact (Figure [2](#F2){ref-type="fig"}G and [2](#F2){ref-type="fig"}H). Passive tension was reduced in patient SMCs compared to control cells (Figure [2](#F2){ref-type="fig"}I). Biowires were then treated with endothelin and the change in active tension, that is, force was measured. Compared with control SMCs, tension generation in response to endothelin was lower in both patient SMCs (Figure [2](#F2){ref-type="fig"}J).

### Elastin Gene and Protein Expression

*ELN* variants were confirmed in the differentiated iPSC-SMCs using Sanger sequencing (Figure II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)). We measured *ELN* mRNA expression in all iPSC-SMCs using RT-qPCR. Compared with control SMCs, elastin mRNA levels were significantly lower in all patient SMCs (Figure [3](#F3){ref-type="fig"}A). Elastin protein expression was then quantified by parallel reaction monitoring mass spectrometry using the sum of 4 different peptides. Elastin was significantly lower in all EI patient SMCs compared to controls except for ELN2-SMCs which showed a nonsignificantly lower ELN expression. WS3 had the lowest levels compared to controls (Figure [3](#F3){ref-type="fig"}B). To determine if the difference in *ELN* mRNA expression between ELN1 and ELN2-SMCs could be related to failure of nonsense-mediated decay of truncated elastin in ELN2, we quantified the amount of elastin peptides separately. Three peptides upstream of ELN1 (p.Tyr595X) and ELN2 (p.Ala288fs) variants and one peptide downstream of the variants, that is, VPGALAAAK (644, 652) were quantified. Because the downstream peptide was present in both ELN mutation patients, it indicates that mutated mRNA was being eliminated and that the baseline phenotype was likely not related to translation of structurally abnormal protein in *ELN* mutant SMCs (Figure [3](#F3){ref-type="fig"}C).

![**ELN expression was decreased in elastin insufficiency (EI) induced pluripotent stem cells (iPSC)-smooth muscle cells (SMCs).** **A**, *ELN* mRNA expression by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was 20%--46% lower in patient iPSC-SMCs compared with all control SMCs. **B**, Parallel reaction monitoring mass spectrometry of the sum of peak area of 4 normalized elastin peptides showed lower elastin formation in all patient iPS-SMCs compared to controls (not statistically significant for ELN2). **C**, Quantification of 3 elastin peptides upstream of the elastin variants and one elastin peptide downstream of the elastin variants showed lower abundance of both upstream and downstream peptides in all patient cells (n=3 independent experiments). \**P*\<0.05, patient vs control SMCs; †*P*\<0.05, patient vs control SMCs for fourth peptide only. WS indicates Williams syndrome.](atv-40-1325-g004){#F3}

In summary, we successfully differentiated patient iPSCs into SMCs and recapitulated the abnormal EI phenotype. The iPSC-SMCs from the ELN2 patient with the frameshift variant had higher elastin levels than other patients and showed only mild abnormalities in differentiation and proliferation compared with other patients. The SMCs from the WS3 patient had lower elastin levels than other patients and showed the most severe abnormalities in SMC differentiation, proliferation, and calcium flux.

Response of Patient iPSC-SMCs to Rapamycin
------------------------------------------

We previously reported the ability of the mTOR inhibitor rapamycin to rescue abnormal SMC differentiation and hyperproliferation.^[@R22]^ To confirm that the SMCs being studied were functionally active and drug responsive, we performed a pilot experiment. We studied the effect of rapamycin on gene expression by RNAseq of rapamycin-treated and DMSO-treated SMCs from all patients and compared gene sets that were differentially expressed using gene ontology (*P*\<0.05). Figure [4](#F4){ref-type="fig"}A shows the fold-change in gene expression between rapamycin and DMSO-treated SMCs. Compared with DMSO-treated SMCs, rapamycin-treated SMCs showed reduced expression of SMC proliferation genes and a variable increase in expression of SMC differentiation and contraction genes. Rapamycin also increased elastin protein levels as seen by mass spectrometry likely reflecting improved SMC maturation (Figure [4](#F4){ref-type="fig"}B). Transmission electron microscopy performed on WS2 and ELN1 smooth muscle biowires showed that rapamycin induced SMC elongation and the formation of myofilaments, the main feature of a differentiated SMC (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D) compared with DMSO-treated biowires. Although antibody staining was not performed, the presence of myofilaments was confirmed by an independent pathology service at our institution. Rapamycin also induced structural maturation in the form of biowire compaction in both WS2 and ELN1 patient biowires (Figure [4](#F4){ref-type="fig"}E and [4](#F4){ref-type="fig"}F). These findings confirmed that SMCs from EI patients were functionally active and drug responsive.

![**Phenotypic rescue by rapamycin.** **A**, Heat map of RNA sequencing data from 5 patient induced pluripotent stem cells (iPSC)-smooth muscle cells (SMCs). Supervised hierarchical clustering showing raw fold difference in gene expression between dimethyl sulfoxide (DMSO) and corresponding rapamycin-treated SMCs for genes associated with SMC differentiation, SMC proliferation, and SMC contraction (*P*\<0.05 between rapamycin vs DMSO-treated SMCs). Positive values indicate upregulation and negative values indicate downregulation compared to untreated SMCs. **B**, Elastin expression measured by mass spectrometry in 3 independent experiments increased in all patient SMCs after treatment with rapamycin. **C**, Transmission electron microscopy of patient smooth muscle biowires treated with DMSO or rapamycin. SMC maturation was observed after rapamycin treatment with the appearance of myofilaments (arrows and insets) and an elongated cell shape. **D**, The length to width ratio of the SMCs was higher in rapamycin compared to DMSO-treated biowires. **E**, Biowires treated with rapamycin showed greater compaction compared to DMSO-treated biowires by day 6. **F**, Comparison of tissue width from day 1 to 6 showed that both patient biowires showed compaction by day 6, but the compaction was greater in the rapamycin-treated compared to DMSO-treated biowires (\**P*\<0.05, DMSO vs rapamycin-treated biowires, ł*P*\<0.05, day 6 vs 1; (n=3 independent experiments). WS indicates Williams syndrome.](atv-40-1325-g005){#F4}

Response of Patient iPSC-SMCs in Candidate Drug Screens
-------------------------------------------------------

We explored additional drugs in the class of mTOR inhibitors as well as drugs from other classes that have the potential to target SMC differentiation, proliferation, and function and elastin synthesis, including calcium channel blockers (CCBs), other antiproliferative drugs, and proelastogenic drugs. Cells were treated with drug for 6 days throughout the differentiation process. Dose selection (Table II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)) was based on the dose that induced the optimum response without toxicity, as shown in Figure III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936). Significance tests were performed in comparison to DMSO-treated cells, which were not different from untreated cells (Table IIIB through IIID in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)), and control cell lines were included to compare with the phenotype of healthy cells.

### mTOR Inhibitors

Similar to rapamycin, the mTORC1 (mTOR complex 1) inhibitors, everolimus and temsirolimus, increased differentiation of all patient SMCs as depicted by significantly higher percentage of SM22α positive cells compared to DMSO-treated cells and to levels equivalent to the healthy control lines (Figure [5](#F5){ref-type="fig"}A). AZD0857, a dual inhibitor of mTORC1 and mTORC2, increased SM22α percentage in all WS patient cells but not in the *ELN* mutant patient cells. All mTOR inhibitors decreased cell impedance, a measure of SMC proliferation, in all WS and ELN1 cells but did not have an effect on ELN2 cells that were not hyperproliferative (Figure [5](#F5){ref-type="fig"}B). Compared with DMSO-treated cells, most of the mTOR inhibitors increased endothelin-induced calcium flux in one or more patient SMCs except WS3, which had lowest elastin levels and the most severe phenotype and did not respond to any mTOR inhibitor. Also, similar to our previous results, rapamycin did not improve calcium flux in WS1. Everolimus rescued calcium flux but not to control levels in a higher proportion of patient SMCs (4 of 5) but WS3 was a nonresponder (Figure [5](#F5){ref-type="fig"}C). Overall, mTOR inhibitors restored differentiation in EI iPSC-SMCs, rescued SMC proliferation and rescued contractile abnormalities but not to control levels, with everolimus showing the most consistent effects.

![**Effect of candidate drugs on smooth muscle cell (SMC) differentiation, proliferation, and calcium flux.** **A--C**, mTOR (mammalian target of rapamycin) inhibitors. **A**, The percentage of SM22α (smooth muscle 22α) positive cells measured by high content imaging showed that dimethyl sulfoxide (DMSO)-treated elastin insufficiency (EI) patient SMCs express 50%--70% SM22α (black dots) similar to untreated patient cells (blue) in contrast to 80%--90% expressed in control SMCs (gray). Rapamycin (dark red), everolimus (orange), and temsirolimus (yellow) increased % of SM22α positive cells in all patients when compared to DMSO treatment (black). AZD0857 (brown) only increased SMC differentiation in Williams syndrome (WS) patient SMCs. **B**, All 4 mTOR inhibitors decreased SMC proliferation in all WS and in ELN (elastin)-1 cells. ELN2 cells were not hyperproliferative and did not show any further change in proliferation with mTOR inhibitors. **C**, Endothelin-induced calcium flux was increased by everolimus in WS1, WS2, ELN1, and ELN2-SMCs compared with DMSO-treated cells. Rapamycin only improved calcium flux in two patients (WS2, ELN2), temsirolimus in 3 patients (WS1, ELN1, ELN2), and AZD0857 in 1 patient (WS2). WS3 did not respond to any mTOR inhibitor. **D--F**, Calcium channel blockers. **D**, Verapamil (dark green) and diltiazem (bright green) increased % of SM22α positive cells only in 3 and 2 WS patients, respectively, but not in elastin mutation patients. **E**, Verapamil and diltiazem decreased SMC proliferation only in 3 and 2 WS patients, respectively, not in elastin mutation patients. Amlodipine (military green) treatment was associated with cell death (data not shown). **F**, Verapamil and diltiazem improved endothelin-induced calcium flux only in ELN2 patient SMCs (n=3 independent experiments, using 3 technical replicates for each experiment). **A--F**, Supporting data are shown in Table IIIB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936). \**P*\<0.05, drug treatment vs DMSO.](atv-40-1325-g006){#F5}

### Calcium Channel Blocker

We then investigated the effect of CCBs that are often used to treat hypertension in EI patients^[@R36],[@R37]^ and have also been reported to reduce vascular SMC proliferation in a calcium channel-independent manner.^[@R38]^ Diltiazem and verapamil improved SMC differentiation and decreased cell proliferation in WS2 and WS3 patients, respectively, but not in *ELN* mutants. They improved endothelin response only in ELN2 cells (Figure [5](#F5){ref-type="fig"}D through [5](#F5){ref-type="fig"}F). Amlodipine induced cytotoxicity, that is, cell death in all patient SMCs even at low doses (Figure [5](#F5){ref-type="fig"}E).

### Other Antiproliferative Drugs

We screened other antiproliferative drugs, including paclitaxel, fluvastatin, apocynin, and losartan. Although all 4 antiproliferative drugs decreased cell proliferation in all WS and in ELN1 SMCs, the effect on SMC differentiation was not significant for all drugs and all patients (except for the effect of paclitaxel on WS2 cells; Figure IVA and IVB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)). Fluvastatin induced cell toxicity at 3 different doses. These drugs were, therefore, not studied further for effect on endothelin response.

### Proelastogenic Drugs

Dexamethasone, aldosterone, and retinyl acetate have previously been shown to increase elastin production^[@R39]--[@R41]^ but have not been tested in conditions of primary EI. The effect of these drugs on SMC proliferation differed. Aldosterone significantly decreased proliferation in all patients with WS; retinyl acetate was only effective on ELN1 and dexamethasone had no effect. The drugs did not improve SMC differentiation and were therefore not studied further for effect on endothelin response (Figure IVC and IVD and Table IIID in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)).

### Combination Therapy

As shown in Figure [5](#F5){ref-type="fig"}, everolimus restored SMC differentiation and rescued cell proliferation and calcium flux but not to the level of controls. To determine if the effects of everolimus could be further improved, we tested the effect of combining everolimus with a drug from a different class. Verapamil was selected as best in class agent based on its observed SMC responses. Combined treatment with the two drugs was not significantly better (Table IIIC in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936)) than everolimus alone in restoring SMC differentiation (Figure [6](#F6){ref-type="fig"}A), in rescuing proliferation (Figure [6](#F6){ref-type="fig"}B), and in improving calcium flux (Figure [6](#F6){ref-type="fig"}C). Moreover, combined treatment did not rescue endothelin-induced calcium flux in WS3, which had the most severe and unresponsive phenotype (Figure [6](#F6){ref-type="fig"}C).

![**Combination treatment with a mTOR (mammalian target of rapamycin) inhibitor and a calcium channel blocker.** **A**, Everolimus restored differentiation of SM22α (smooth muscle 22α) positive cells to the control cell level. Combination treatment with everolimus and verapamil (purple) was not superior to treatment with everolimus alone (orange) in any patient. Although there is a strong trend towards significance, we note that verapamil treatment (green) was less effective on Williams syndrome (WS)2 (*P*=0.068) and WS3 (*P*=0.059) than in Figure [5](#F5){ref-type="fig"}D. Verapamil was also more effective on ELN (elastin)-1 (*P*=0.037). This has no effect on the conclusion that everolimus alone rescued all patients. **B**, Everolimus rescued proliferation in all 4 patients exhibiting the hyperproliferation phenotype. Combination treatment was not significantly different to treatment with everolimus. **C**, Everolimus rescued endothelin-induced calcium flux in 4 patients but not to control levels, and WS3 did not respond. Combination treatment was not significantly different to treatment with everolimus. n=3 independent experiments, using 3 technical replicates for each experiment. **A--C**, Supporting data are provided in Table IIIC in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313936). \**P*\<0.05, drug treatment vs DMSO.](atv-40-1325-g007){#F6}

In summary, mTOR inhibitors were the most effective drug class in rescuing the abnormal EI phenotype in patient SMCs with everolimus treatment associated with the highest and most consistent response rate across patient SMCs compared with any other drug.

Discussion
==========

We generated iPSCs from a group of patients with EI, all of whom had a severe phenotype requiring multiple surgical and catheter re-interventions for progressive and recurrent vascular stenoses starting in infancy. iPSCs from the patients recapitulated the disease phenotype in vitro as demonstrated by abnormal SMC differentiation, increased proliferation, reduced compaction on 3-dimensional smooth muscle biowires, and reduced contractile response to endothelin. Candidate drug screens identified that mTOR inhibitors were the most effective drug class in patients with WS as well as *ELN* mutations, with everolimus showing the most favorable response. The severity of the SMC phenotype and the interindividual variability in drug response was associated with variable elastin levels between patients. This is the first systematic evaluation of clinically available drugs in correcting vascular SMC abnormalities in multiple patients with syndromic and nonsyndromic EI. Overall, our study showed how drug testing of SMCs derived from patient iPSCs can identify a potentially efficacious drug for use in these patients. The availability of effective drug therapy has the potential to reduce vascular stenosis or restenosis and reduce the need for invasive re-interventions and mortality in this severe disease.

Elastin Protein Levels and SMC Phenotype
----------------------------------------

As expected for haploinsufficient WS cells and for *ELN* nonsense/frameshift mutations that are subject to nonsense-mediated decay,^[@R3]^ *ELN* mRNA was significantly reduced in SMCs from all 5 patients. Elastin protein was also significantly reduced in these samples with lowest levels seen in WS3 SMCs and higher levels in ELN2-SMCs, which showed only a nonsignificant reduction in elastin. The lower amounts of elastin in WS3 may account for the more severe phenotype as well as the failure of both classes of drugs to rescue the response to endothelin. ELN2-SMCs were not hyperproliferative suggesting that their elastin levels were likely already sufficient to prevent a proliferative phenotype. We measured ELN peptides upstream and downstream of the variant but did not find evidence of incomplete nonsense-mediated decay. This suggests that the baseline phenotype was likely related to EI in all patients rather than to translation of structurally abnormal protein in *ELN* mutant SMCs. Although the presence of some compensatory translation pathway in ELN2 cannot be ruled out, detailed evaluation of post-transcriptional regulation of elastin was beyond the scope of this study.^[@R42],[@R43]^

Everolimus Emerges as Best of Class mTOR Inhibitor for Rescue of SMC Differentiation, Proliferation, and Contractility in EI Patient SMCs
-----------------------------------------------------------------------------------------------------------------------------------------

mTOR is a serine/threonine-protein kinase that forms 2 distinct complexes---mTORC1 that stimulates protein synthesis and cell cycle progression, while mTORC2 regulates the cytoskeleton and cell survival. Our findings that mTORC1 inhibitors, everolimus and temsirolimus, were more effective than a dual inhibitor of mTORC1 and mTORC2, AZD0857, supports a stronger role for pathways involved in cell proliferation as opposed to cell survival in mediating the EI phenotype. This is consistent with previous findings in a mouse model of EI where mTORC1 inhibition decreased SMC proliferation more effectively than mTORC2 inhibition.^[@R44]^ However, unlike the mouse study, our study also evaluated the effect of these analogs on SMC function through assessment of calcium flux in response to endothelin. The mechanism is hypothesized to be an insulin receptor substrate-1 feedback signal linked to mTOR inhibition that activates the AKT pathway and promotes contractile protein expression and inhibits SMC proliferation.^[@R45],[@R46]^ Also, mTOR inhibition displaces FK506-binding protein 12 from ryanodine receptor 2 calcium release channel which can result in increased intracellular release of free calcium from the endoplasmic reticulum and may explain the increased endothelin-induced calcium flux in patient SMCs treated with mTOR inhibitors.^[@R47]^ Comparison of drug responses revealed that everolimus was the most effective of all analogs in improving SMC contractility in response to endothelin.

Other Drug Classes Are Less Effective Than mTOR Inhibitors in EI SMCs
---------------------------------------------------------------------

CCBs are widely used to treat hypertension in patients with EI but their effect on SMC phenotype and function has not been systematically evaluated in patients with EI. Of the CCBs tested, verapamil and diltiazem rescued the differentiation and proliferation defects but only in patients with WS, not in elastin mutation patients. Also, CCBs did not rescue the poor response to endothelin. Additionally, amlodipine was associated with increased cell death. Although the mechanism of cell toxicity requires further study, this finding raises concerns about the appropriateness of clinical use of amlodipine as an antihypertensive agent in patients with EI. All the other drug classes tested only had antiproliferative effects and did not improve SMC differentiation and were, therefore, not considered candidates for further study. In addition, combination treatment with everolimus and verapamil was not superior than treatment with everolimus alone even in the everolimus-unresponsive WS3 cells suggesting an absence of synergy between these 2 drug classes.

Although treatment with everolimus significantly rescued the in vitro SMC phenotypes, evidence for efficacy will require a clinical trial in patients with EI with vascular stenoses, administered systemically or as drug-eluting stents in areas of discrete stenoses. Everolimus has a well-established safety profile with therapeutic blood levels maintained using therapeutic drug monitoring.^[@R48]^ Side-effects can be further minimized with targeted delivery using drug-eluting stents. As other novel treatment options emerge,^[@R5]^ their ability to rescue SMC phenotypes can be evaluated in our iPSC-derived patient SMCs, especially for efficacy in patient SMCs that fail to respond to everolimus.

Overall, these data confirm the effectiveness of mTOR inhibitors in general, and of everolimus in particular, as a best in class drug with potential for rescuing the vascular SMC phenotype in patients with EI. Although mTOR inhibitors are used clinically in drug-eluting stents to prevent and treat restenosis in adult coronary artery disease and systemically in children and adults to treat transplant coronary artery disease,^[@R49]--[@R51]^ our findings suggest that vascular stenoses caused by EI may respond better to everolimus. Since elastin variants may influence the vascular phenotype in patients with acquired vascular disorders, our study highlights the importance of assessing the underlying molecular basis of vascular disease to select the most effective mTOR inhibitor and identifies everolimus as an attractive candidate for repurposing to treat vascular stenosis in EI.
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